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Summary 

•  We have successfully completed the first integrated ignition tuning 
experiments by fielding ~ twenty T70-74H20-24D2-20  and D50T50 implosions 

—  Ability to field cryogenic thermonuclear fuel layers that meet 
ignition specification 

—  Use of varying amounts of deuterium allows for a diagnostic rich 
environment to measure the assembly of thermonuclear fuel 

 
•  These experiments have demonstrated high values for the Lawson 

fusion confinement criterion 
—  Implosion are driven up to 1.6 MJ in >300 eV hohlraums 
—  Demonstrated control of implosion shape 
—  Demonstrated 8 x 1014 DT yield with 10-20% yield over 2-D clean  
—  Demonstrated pressures > 100 Gbar and experimental ignition 

threshold factors of ITFx ~ 0.1 

•  Next tuning steps include 
—  Shape, Entropy, Velocity, Mix  
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We are at the threshold of delivering a DT platform to measure α-heating 
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Implosions with thermonuclear fuel use DT ice 
layers in CH capsules that are driven in Au 
hohlraums with temperatures >300 eV  
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Implosions with thermonuclear fuel use DT ice 
layers in CH capsules that are driven in Au 
hohlraums with temperatures >300 eV  
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Layered implosions are driven with fully tuned –
shock-timed – laser pulses throughout the 4 shocks 
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Hard x-ray imaging indicate hohlraum laser beam 
coupling 
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The experiments have highly compressed 0.16 mg DT 
layered fuel capsules producing a 50 µm hot spot plasma 
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The experiments have highly compressed 0.16 mg DT 
layered fuel capsules producing a 50 µm hot spot plasma 
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The experiments have highly compressed 0.16 mg 
DT layered fuel capsules producing fuel densities 
of 500 g/cm3 
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Cryogenic fuel layers will be formed in a new target 
positioner (cryo-tarpos) recently installed on  NIF 

The CryoTarpos supports formation of 
cryogenic fuel layers outside the chamber 
prior to insertion into target chamber center 
at shot time 

The implosion tuning campaign sets 
the laser and target parameters for the 
cryo-layered implosions 
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Cryogenic fuel layers will be formed in a new target 
positioner (cryo-tarpos) recently installed on  NIF 

Inserting the target 
on the tip of the 
target positioner 

Cryo-shroud 
retracted 
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THD fuel layers are formed with the target mounted 
in a dedicated cryogenic target positioner thermally 
isolated by a removable shroud 

 27850001 target in layering shroud Alignment camera for shot 
N110212 shows storm window 

100 nm polyimide, 40 nm C 
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Xray view through starburst 

Ice layer 

Capsule  
Inner wall 

Capsule  
Outer wall 
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THD ice layers are characterized in situ and have met 
specifications on four integrated experiments to date 

Side 1 view Side 2 view LEH view 

Independent tests have shown that the layer quality is not affected 
by shroud opening and quench 
(cooling from 18.8 K to 17.5 K in last 30s prior to shot) 

70 µm ice 

190µm 
ablator 
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Local Defects!
•  Total effect of grooves on hot spot rms sums 

over all defects 

 
•  To avoid it breaking through the DT layer the 

area of each defect has been specified 
 
•  Total Yield factor impact 

 

New high contrast images allows us to estimate 
projected impact of grooves on the yield of implosions  
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Local Defects!
•  Total effect of grooves on hot spot rms sums 
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Local Defects!
•  Total effect of grooves on hot spot rms sums 

over all defects 

 
•  To avoid it breaking through the DT layer the 

area of each defect has been specified 
 
•  Total Yield factor impact 

 

New high contrast images allows us to estimate 
projected impact of grooves on the yield of implosions  
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We are assessing hot spot formation and thermonuclear 
fuel assembly with accurate measurements of neutron 
yield and the down-scattered ratio 

LBL, SNL, LLNL 
Neutron Activation 

MIT, LLE Magnetic Recoil 
Spectrometer (MRS) 

Yield and dsr accuracy 
requirements     
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NADS: Zr  Well_NAD measures yield for DT shots to 
absolute accuracy of ± 7% 

Exp.Pusher: Raw Data, 8.7mm sample 
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NTOF: THD Neutron Time of Flight measurements 
provide total yield (< 10%), nuclear bang time (± 30 ps) 
and burn averaged ion temperature (± 5-10%)  
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GRH: THD Gamma-ray spectrum has been 
measured providing nuclear bang time (± 30 ps) 
and burn width (± 30 ps)  
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To optimize the target for ignition we will adjust velocity, 
adiabat, mix and shape 
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We use a variety of now fully validated targets to 
tune the capsule shape, adiabat, velocity and mix 
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Tuning shape of a Si-doped capsule implosion in 5.75 
mm diameter hohlraum required three laser wavelengths 

 DT implosion performance is dependent on 
M-modes that have been tuned with λ3 

 Hohlraum allows shape tuning with 
the potential for high velocity 
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We are currently performing a shape tuning campaign to fully explore the 
regime between ITFx ~ 0.1 and 1 
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Shell areal density and absolute x-ray emission 
measurements indicate ultrahigh pressures 

First analysis of Neutron Imaging 
data suggest high density shell  

(1)  Azechi et al., Laser and Particle Beams (1991) 9, 193-207 
(2)  Goncharov et al., Physics Review Letters (2010) 104, 165001 
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30 Glenzer—53rd APS DPP Meeting, November 14,  2011 



Shell areal density and absolute x-ray emission 
measurements indicate ultrahigh pressures 

—  Burn time of 120 - 150 ps  

•  Fuel pressure estimate 
—  ρR = 1 g cm-2 
—  ΔR = 0.0011 – 0.0017 cm 
—  ρ = 550 g cm-3 
—  ne = ρ/2.5 mp = 1026 cm-3 
—  Pfermi  (~ ρ5/3) = 80 Gbar 
—  Pτ ~ 10 atm-s 

•  Hot spot pressure 
—  ne = 8 x 1024 cm-3 
—  <T> = 3.6 keV 
—  P = 92 Gbar 
—  Pτ ~ 12 atm-s 

•  For comparison, the Joint 
European Tokamak and 
Omega have produced 

—  Pτ ~ 1 atm-s 

 

First analysis of Neutron Imaging 
data suggest high density shell  

Primary Neutrons 
13-17 MeV 

Absolute X-ray 
emission 

Down scattered 
Neutrons 10-12 MeV 

P0 = 35 ± 4 µm P0 = 27 ± 4 µm 

Int PSL: 4263     
0.6 J/sr [8 J] 

P0 = 24 ± 2 µm Pbr ~ ρ2 T1/2 
T = 3.6 keV [ntof] 
ne = 8 x 1024 cm-3 
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NIF implosions show record values of the Lawson 
fusion criterion 

•  First NIF indirect drive 
cryogenic implosion 
(commissioning) 

—  ρR = 0.5 g cm-2 
—  <T> = 2.5 keV 
—  Pτ ~ 1 atm-s 

•  NIF implosion after initial 
tuning 

—  ρR = 1 g cm-2 
—  <T> = 3 keV 
—  Pτ ~ 10 atm-s 

•  Omega (2009) produced 
—  Pτ ~ 1 atm-s 

•  For comparison, the Joint 
European Tokamak has 
produced 

—  Pτ ~ 1 atm-s 

 

00 

00 0
0

R. Betti et al., PHYS. PLASMAS 17, 058102 (2010) 
with data from J. P. Freidberg MIT. 
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NIF implosions show record values of the Lawson 
fusion criterion 

•  First NIF indirect drive 
cryogenic implosion 
(commissioning) 

—  ρR = 0.5 g cm-2 
—  <T> = 2.5 keV 
—  Pτ ~ 1 atm-s 

•  NIF implosion after initial 
tuning 

—  ρR = 1 g cm-2 
—  <T> = 3 keV 
—  Pτ ~ 10 atm-s 

•  Omega (2009) produced 
—  Pτ ~ 1 atm-s 

•  For comparison, the Joint 
European Tokamak has 
produced 

—  Pτ ~ 1 atm-s 
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R. Betti et al., PHYS. PLASMAS 17, 058102 (2010) 
with data from J. P. Freidberg MIT. 
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NIF implosions show record values of the Lawson 
fusion criterion 

•  First NIF indirect drive 
cryogenic implosion 
(commissioning) 

—  ρR = 0.5 g cm-2 
—  <T> = 2.5 keV 
—  Pτ ~ 1 atm-s 

•  NIF implosion after initial 
tuning 

—  ρR = 1 g cm-2 
—  <T> = 3 keV 
—  Pτ ~ 10 atm-s 

•  For comparison, the Joint 
European Tokamak and 
Omega have produced 

—  Pτ ~ 1 atm-s 

 

NIF implosions approach ignition 
regime 
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Simulations show > 1MJ yield [ignition] for a factor of 3 higher pressures 

NIF implosions show record values of the Lawson 
fusion criterion 

•  First NIF indirect drive 
cryogenic implosion 
(commissioning) 

—  ρR = 0.5 g cm-2 
—  <T> = 2.5 keV 
—  Pτ ~ 1 atm-s 

•  NIF implosion after initial 
tuning 

—  ρR = 1 g cm-2 
—  <T> = 3 keV 
—  Pτ ~ 10 atm-s 

•  For comparison, the Joint 
European Tokamak and 
Omega have produced 

—  Pτ ~ 1 atm-s 

 

NIF implosions approach ignition 
regime 
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Recent papers on NIC 
•  Symmetry 

—  Michel et al., PRL (2009) 
—  Glenzer et al., Science (2010) 

•  Hohlraum Drive 
—  Kline et al., PRL (2011) 
—  Glenzer et al., PRL (2011) 

•  Low Entropy and shock timing tuning 
—  Mackinnon et al., PRL, in print 
—  Robey et al., PRL, in print 
—  Doeppner et al., PRL, in print 

•  Shape tuning 
—  Moody et al. Nature Physics, in print 

•  Mix 
—  Regan et al., PRL, submitted 

•  Nuclear fuel implosions 
—  Glenzer et al., POP, submitted 
—  Glenzer et al. PPCF, submitted 
—  Callahan et al. POP, submitted 
—  Spears et al. POP, submitted 
—  Jones et al. POP, submitted 

Deuteron Energy (MeV) 
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Small hot e- Preheat 

High areal density 
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Summary 

•  We have successfully completed the first integrated ignition tuning 
experiments by fielding eight T70-74H20-24D2-20  and nine D50T50 implosions 

—  Ability to field cryogenic thermonuclear fuel layers that meet 
ignition specification 

—  Use of varying amounts of deuterium allows for a diagnostic rich 
environment to measure the assembly of thermonuclear fuel 

 
•  These experiments have demonstrated high values for the Lawson 

fusion confinement criterion 
—  Implosion are driven up to 1.6 MJ in >300 eV hohlraums 
—  Demonstrated control of implosion shape 
—  Demonstrated 8 x 1014 DT yield with 10-20% yield over 2-D clean  
—  Demonstrated pressures > 100 Gbar and experimental ignition 

threshold factors of ITFx ~ 0.1 

•  Optimize final shock (4th rise, Uranium) 
•  Optimize velocity-mix - trade off 
 

We are at the threshold of delivering a DT platform to measure α-heating 
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Examples of Transmission 
lineouts at one limb 

We acquired high quality ablator radiographs from 
1st shock break-out (14 ns) to peak velocity (22 ns) 

NIF-0000-00000s2.ppt  Meezan—NNSA NIC Update, January 2012 

9 keV gated 
1D radiographs 

14.1 ns 

16.5 ns 

18.9 ns 

21.3 ns 

2 mm 

Extract rCoM, v, Δr, mass vs t 
and ρ vs r for various 4th rise 
pulse shapes 



The Pressure campaign is measuring the effects of 
three main-pulse rise-rates on implosion conditions 

•  Black: nominal-rise laser pulse 
reaches peak power 2 ns after 3rd 
shock plateau 

— We’ve been shooting this 
pulse since April 2011 

Meezan—NNSA NIC Update, January 2012 39 NIF-0000-00000s2.ppt  

2 ns 



The Pressure campaign is measuring the effects of 
three main-pulse rise-rates on implosion conditions 

•  Black: nominal-rise laser pulse 
reaches peak power 2 ns after 3rd 
shock plateau 

— We’ve been shooting this 
pulse since April 2011 

•  Blue: slow-rise pulse reaches 
peak power 3 ns after 3rd shock 

— Gradually ramp up ablation 
pressure 

—  Smooth acceleration may 
improve fuel or hot-spot ρR 

Meezan—NNSA NIC Update, January 2012 40 NIF-0000-00000s2.ppt  

3 ns 



The Pressure campaign is measuring the effects of 
three main-pulse rise-rates on implosion conditions 

•  Black: nominal-rise laser pulse 
reaches peak power 2 ns after 3rd 
shock plateau 

— We’ve been shooting this 
pulse since April 2011 

•  Blue: slow-rise pulse reaches 
peak power 3 ns after 3rd shock 

— Gradually ramp up ablation 
pressure 

—  Smooth acceleration may 
improve fuel or hot-spot ρR 

•  Red: fast-rise pulse reaches peak 
power 1 ns after 3rd shock 

—  Push capsule hard right as 
shocks 1-3 break out 

— Maximize absorbed energy 

Meezan—NNSA NIC Update, January 2012 41 NIF-0000-00000s2.ppt  

1 ns 



Slowing down the 4th-rise decreases the 4th shock 
strength and reduces the capsule absorbed energy 

•  Slow-rise pulse does not coalesce into a 
sharp 4th shock 

•  Fast-rise pulse results in a fast 4th shock 

Meezan—NNSA NIC Update, January 2012 42 NIF-0000-00000s2.ppt  

HYDRA absorption rate Rabl
2 × σTR
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Fast 
Slow 

•  Fast-rise pulse absorbs energy 
earlier, at larger radius 

•  Slow rise absorbs drive gradually 
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The fast-rise 4th pulse may lead to a thicker ablator 
than the slow-rise 4th pulse at peak velocity 

•  Difference is comparable to error-bars 
•  Further analysis is warranted 

Meezan—NNSA NIC Update, January 2012 43 NIF-0000-00000s2.ppt  



Most recent DT implosion experiments show efficient 
compression and a symmetric hot spot 
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9 keV x-ray emission in the 
polar direction N120205 

9 keV x-ray emission in the 
equatorial direction N120205 
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DU polar view 
M4/M0= 3.3% 
P0 = 65 ± 1 µm 

DU equator view 
P2/P0= 5.6% 
P0 = 49 ± 1 µm 

We have prepared a high-velocity DU implosion 
platform to provide margin for mix and to reach the 
alpha-heating regime 

Wegner, NIC Review, December 9, 2009 46 NIF-1209-17951.ppt 

Laser 
campaign  

Selected actionable parameters 

Shape 
campaign  

Pressure 
campaign  

Mix    
campaign  

—  450 TW, 1.6 MJ 
—  420 TW, 1.8 MJ 
—  Energy reproducibility,        

5% foot, 3% peak adj. thres. 

—  DU 
—  3.1 mm LEH, DU pointing 
—   Δλ2 = 6.6 Å, Δλ3 = 8.1 Å 

—  Slow 4th rise 
—  Fast 4th rise 
—  DU shock timing 

[closed 2nd, 3rd gap] 

—  Nominal ablator 2% Si 
—  Nominal ablator 4% Si 
—  Thick ablator 2% Si 
—  Thick ablator 4% Si 
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Capsule 
emission in DU  

Capsule 
emission in Au  

Δτ ~ 400 ps 
ΔV ~ 40 km/s 




